Degrees of genetic variation accumulated in four dipterocarp species in Lambir Hills National Park, Sarawak, Malaysia were estimated and compared with those in a man-made forest in Bakam Experimental Reserve using microsatellite and AFLP markers.
INTRODUCTION
The tropical rain forest in Borneo is known as one of the richest places of biodiversity in the world. Extensive speciation of dipterocarps, which includes major canopy and emergent trees, has occurred in this region. Two hundred and sixty seven dipterocarp species have been identified in Borneo, 155 of them being endemic, suggesting that Borneo could be the center of speciation of these species (Ashton, 1982) . To provide a conventional comparative view of species composition and to examine demographic dynamics such as regeneration and growth in a low land dipterocarp forest, a joint program of longterm ecosystem research (LTER) with Malaysia, United States and Japan was initiated at Lambir Hills National Park, Sarawak since 1991 (Lee et al., 2002b) . Censuses have been carried out at five-year intervals in a plot of 52 hectares in the national park area (Lee et al., 2002b) .
Our primary research purpose was to determine how much genetic variation is maintained in tree populations in the LTER plot as a typical case of tropical rain forests. Genetic variation is a fundamental element of biodiversity and accumulates in a population during the evolutionary process of the species. However, studies on genetic variation have started only recently (Yamazaki, 2003) , and there have been few studies on genetic variation in tropical rain forest trees. A high level of polymorphism in enzyme loci in a tropical rain forest was first reported by Gan et al. (1977) . Lee et al. (2000) showed, by using enzyme loci, that heterozygosity in Shorea leprosula in the Malay Peninsula varied among populations, ranging from 0.360 to 0.400, and was much higher than the average for angiosperms (0.183) and the average for tropical plants (0.191) (Harmrick et al., 1992) . Whereas, Kanzaki et al. (1996) showed a moderate level of genetic diversity (0.209) in Shorea macrophylla in Sarawak. Using a RAPD marker, Harada et al. (1994) showed that the average values of nucleotide respectively. These values are much higher than that reported for specific nuclear genes in a temperate conifer species, Criptmeria japonica (Kado et al., 2003) . Although the RAPD method does not require previous knowledge of genomic sequences and is easy to use, its reproducibility is not always satisfactory (Jones, 1997) . The AFLP (amplified fragment length polymorphism) method is a recently developed fingerprinting method (Vos et al., 1995) . The advantages of using the AFLP method are that data reproducibility can be achieved to a satisfactory level and that it produces a much greater number of amplified fragments, which cover the whole genome in a random fashion. This allows more detailed analysis of evolutionary dynamics in a population at the genomic level (Miyashita et al., 1999) . On the other hand, microsatellites comprise a class of a variable number of tandem repeats with a repeat unit of a few nucleotides and have been used as genetic markers (Jeffrays et al., 1985) . Their codominant character is suitable for studying reproductive systems. Because of their high mutation rate, microsatellite loci are usually highly polymorphic (Tautz & Renz,1984 , Baird et al., 1986 , Chakraborty et al., 1991 . This provides a means for studying the genetic constitution of a population such as rare allele composition and linkage disequilibrium. Comprehensive genetic analysis of populations is possible by combining these two methods.
Although the diversity of tropical rain forests in Sarawak is high, these forest areas have been reduced in size and fragmented rapidly by human activities such as nontraditional slash and burn and deforestation for timber production (Lee, 1997) . In order to restore the forest resources a reforestation and rehabilitation program began in Sarawak under the Fourth
Malaysia Plan (1981 Plan ( to 1985 which aimed at shifting cultivation areas (Lee, 1997) . A joint study by the Sarawak Forestry
Department and a team of Japanese scientists to examine the applicability of various ecology-based silvicultural techniques for the rehabilitation of the degraded ecosystem was carried out from 1995 to 2000 at the Bakam Experimental Reserve, approximately 18 km south of Miri, Sarawak (Sakurai et al., 2000) . An important issue for the construction of artificial forests aimed at the restoration of biological diversity of original forests is how much of the genetic variation will be retained in the reforestation. Most of the seeds used for planting in Bakam were collected from Lambir Area including the national park (Sakurai et al., 2000) . In order to evaluate the method for restoration and rehabilitation of the tropical rain forest, we examined the genetic variation of tree populations in this area. We examined four dipterocarp species that appeared in both the 52-ha plot and the Bakam Experimental Reserve: Dryobalanops lanceolata, Dryobalanops aromatica, Shorea beccariana and Shorea macrophylla. These species were planted in the Bakam Experimental Reserve because they are the major canopy trees in the 52-ha LTER plot and are commonly used for reforestation programs in the Sarawak area.
MATERIALS AND METHODS

Sampling methods
Natural forest
We collected samples from Lambir Hills National Park (4º 20'N, 113º 50' E) in the suburb of Miri (Fig. 1) . This site is 6,800 hectares in area. Most of the area comprises lowland mixed dipterocarp forest with an extensive area of disturbed forest on the margins of the park and patches of heath (kerangas) forest on the highest ridges as well as small patches of swampy forest associated with streams (Watson, 1985) . The sampling site was set in the 52- beccariana and S. macrophylla trees with diameters 1 to 10 cm.
Two to five leaves were collected from each tree and kept in a cooler with dry ice at the sampling site. They were transported to a laboratory at the Forest Research Center (FRC) in Kuching and stored in a freezer at 20ºC until used for further analysis.
Artificial forest
The following nine tree species have been planted in the Bakam (Sakurai et al., 2000) .
Seeds were collected from the whole area of Lambir Hills National Park (Fig. 1) at mass flowering time in late 1996 and early 1997 (Sakurai et al., 2000) and raised for planting in subsequent years. Sampling was done in 2001 in a manner similar to that for the natural population.
DNA isolation
DNA was extracted using a modified CTAB method (Murry & Thompson, 1980) . Leaf tissues (0.5 gm) were ground with liquid nitrogen. Cold isolation buffer I (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 350 mM sorbitol, 0.5 % 2-mercaptoethanol, 0.1 % bovine serum albumin, 10 % polyethylene glycol) and cold isolation buffer II (50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 350 mM sorbitol, 0.5 % 2-mercaptoethanol, 1 % sodium sarkosyl) were used for the washing process, and then samples were treated with 2X CTAB solution (2 % CTAB, 0.1 M Tris-HCl; pH 8.0, 20 mM EDTA, 1.4 M NaCl, 2 % 2-mercaptoethanol).
Extracted DNA was further purified by Binding Matrix (Bio 101). Finally it was dissolved in 100 µl of TE. One microliter of the DNA solution was electrophoresed in a mini-gel apparatus (Mupid-2, ADV). The presence of high-molecular-weight DNA was checked by agarose gel with the marker /HindIII under UV illumination (Mini Transilluminator, Funakoshi).
Microsatellite analysis
We used microsatellite primers developed for Shorea curtisii by Ujino et al. (1998) and for Dryobalanops lanceolata by Terauchi (1994) . After an initial screening of a total of 10 primer sets, 2 -3 primer combinations that yielded a moderate number of alleles were chosen for the genetic analysis ( Table 1) . The reaction mixture for PCR contained 10 x reaction buffer (100 mM Tris-HCl, 500 mM KCl, pH 8.3, 15 mM MgCl 2 , 0.01 % gelatin), 2 mM deoxynucleotide mix, 0.2 µM forward primers and 0.5 µM reverse primers, 0.1 units Taq DNA polymerase (Promega) and 10 ng genomic DNA in a total volume of 10 µl. The forward primers were FITC-labeled (GENSET OLIGOS). Microsatellite amplification was carried out using the following cycling parameters: preheating for 2 min at 94 ºC followed by 40 cycles of denaturing at 94 ºC for 45 s, annealing at primer-specific temperatures of 52 ºC to 56 ºC for 30 s and extension for 45 s at 72 ºC. Reactions were completed by incubation at 72 ºC for 5 min and holding at 4 ºC. Twenty microliters of deionised formamide was added to the PCR products and denatured for 3 min at 94 ºC, and then they were analyzed using a DSQ-1000L auto-sequencer (Shimadzu).
Parameters for genetic variation, such as average number of alleles, unbiased expected heterozygosity (H E ) and observed proportion of heterozygotes (H O ), were calculated using POPGENE Version 1.31 (Yeh et al., 1999) . Deviation from the Hardy-Weinberg equilibrium (HWE) was examined using the Markov chain method with GENPOP version 3.1b (Raymond and Roussett, 1995) for overall loci and using the chi-square test for each locus with POPGENE Version 1.31 (Yeh et al., 1999) . The default parameters in GENEPOP with 100 batches for 1000 iterations were used for the Markov chain test.
The inbreeding coefficient (F IS ) was calculated using GDA version 1.0 (Lewis & Zaykin, 1999 
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Annealing temperature using Fisher's method with GENPOP version 3.1b (Raymond & Roussett, 1995) .
AFLP analysis
AFLP analysis was performed by the method of Vos et al. (1995) . Total DNA was digested with two restriction enzymes, EcoRI and MseI. Site-specific adapters for EcoRI and MseI restriction sites were then ligated. Primary and secondary selective amplifications were done using PCR primers complementary to the adapter sequences. Primers with additional nucleotide sequences were used for the secondary amplification. A total of 36 different selective amplification primer sets (MseI + 3 selective nucleotides for 24 sets, MseI + 4 selective nucleotides for 12 sets) were screened and 2 to 4 primer combinations that yielded a moderate number of bands were chosen for the genetic analysis. The following primer pairs were used for both the natural and artificial populations: (MseI/EcoRI) and then ligated to double-stranded MseI and EcoRI adapters. The ligation mixture was diluted to 1/10, and 1 µl of the solution was used for the template for pre-amplification. PCR pre-amplification was performed with 30 cycles at 94 ºC for 30 s, 56 ºC for 1 min and 72 ºC for 1 min. The pre-amplification products were diluted to 1/20 and were used as templates for the secondary amplification. The following PCR conditions were used: preheating at 94 ºC for 2 min, followed by 10 cycles of 94 ºC for 1 min, 65 ºC reducing by 1 ºC for 30 s and 70 ºC for 2 min, and 20 cycles of 94 ºC for 1 min, 56 ºC for 30 s, and 72 ºC for 2 min. The amplification products were analysed in an ABI 310 Genetic Analyser with GeneScan 500 ROX (Applied Biosystems) as a size standard.
Amplification products were scored as discrete character states (present/absent), and non-discernible fragments were excluded from the analysis using GENESCAN ver. 3.1 (Applied Biosystems) and GENOTYPER ver. 2.5 (Applied Biosystems). Gene diversity was estimated as expected heterozygosity (Nei, 1978) for each population and overall populations. Heterozygosity was calculated after correcting for the inbreeding coefficient obtained from microsatellite data using POPGENE Version 1.31 (Yeh et al., 1999) . Pairwise nucleotide diversity (π) within a population was estimated by the method of Innan et al. (1999) .
RESULTS
Microsatellite analysis
Two to three microsatellite primers enabled detection of 6 -14 alleles for each type of population. Locus Shc04 showed the largest number of alleles (8) Expected heterozygosities were larger than the observed heterozygosities in all the species in the natural population. The average observed heterozygosities for these species in the artificial population were 0.451, 0.462, 0.415 and 0.641, respectively, while those of the expected heterozygosities were 0.459, 0.394, 0.607 and 0.681, respectively ( Table 2 ). All the average expected heterozygosities in the natural population were larger than those of the artificial population ( Table 2) .
Deviation from the Hardy-Weinberg equilibrium (HWE) was examined and its significant level was determined overall and for each locus. Significant deviation from the HWE was found in 4 of the 18 cases: Shc03 and Shc11 for D. lanceolata and Shc04 and Shc11 for S. macrophylla in the natural population. Significant deviation from the HWE at overall loci was found in 3 cases: D. lanceolata and S. macrophylla in the natural population and S. beccariana in the artificial population ( Table 2) .
Since a linkage disequilibrium (LD) was expected in the artificial population, LD tests were conducted. A significant LD was found only in S. beccariana in the artificial population (Table 3) .
Genetic variation in four Dipterocarp species. beccariana and S. macrophylla, respectively were scored in the natural population and 436, 286, 260 and 324 fragments for these species, respectively were scored in the artificial population ( Table 4) . We considered the bands that showed variation at least in one individual to be polymorphic. Both the natural and artificial populations are highly polymorphic (Table 4) .
AFLP bands were scored as present or absent. The genotype of the null bands, which are absent on the gel, is considered to be recessive homozygote, and that of the bands present on the gel is either homo or heterozygote for the wild type. Here, wild type is defined as a band that possesses intact nucleotide sequences for the restriction sites and three additional bases. The average heterozygosities (gene diversity by Nei (1977) ) for each species were estimated after correction by the inbreeding coefficient obtained by microsatellite analysis and are listed in Table 5 . The value in the natural population was significantly higher than that in the artificial population in S. macrophylla (t= 3.55, df=26, P<0.005), but was not significantly different in the other species. The frequency distribution of heterozygosities is shown in Fig. 2 . The distribution showed a U shape and a large fraction located near 0. 
Dryobalanops lanceolata Dryobalanops aromatica Shorea beccariana Shorea macrophylla
Pairwise nucleotide diversity (π) is the proportion of nucleotide difference between two sequences. AFLP data were converted to pairwise nucleotide diversity (π) using the program developed by Innan et al. (1999) . The average nucleotide diversities are shown in Table 6 . The highest nucleotide diversity was obtained in S. macrophylla in both the natural and artificial populations. The smallest values were obtained in D. lanceolata in the natural population and in S. beccariana in the artificial population. The frequency distribution of pairwise nucleotide diversity is shown in Fig. 3 . In D. lanceolata and S.macrophylla, both the natural and the artificial population have one peak with a similar distribution spectrum; however,
several unusual values appeared in the artificial population. In D. aromatica and S. beccariana, the peaks for the artificial population shift to the left of the natural population.
Genetic variation in four Dipterocarp species. Values following "±" sign denote standard error
DISCUSSION
Mating system in the natural forest
In the natural population, observed heterozygosities for the microsatellite loci Shc03, Shc04 and Shc11 ranged from 0.250 to 0.620, 0.390 to 0.563 and 0.400 to 0.719, respectively ( Table 2 ). The reported heterozygosities of these loci in Shorea critesii were 0.591, 0.844 and 0.640, respectively (Ujino et al., 1998) . Nagamatsu et al. (2001) reported values of 0.568, 0.795 and 0.614 in Shorea leprosula in Pasoh Forest Reserve for the loci Shc03, Shc07 and Shc09, respectively. The heterozygosities observed in our study are similar to the values in these studies. All of the four species showed more homozygotes than expected. Significant departure from HWE was observed in D. lancelolata and S. macrophylla. The mating system of some tropical tree species has been investigated using isozymes (Murawski & Hamrick, 1991; Bawa, 1992; O'Malley & Bawa, 1987; Kitamura et al., 1994) and microsatellites (Nagamatsu et al., 2001) . Shiraishi et al. (1990) studied the mating system of D. aromatica using isozymes in the Andulau Forest Reserve in Brunei and found that surviving seedlings were the products of random mating. Nagamatsu et al. (2001) studied the mating system in Shorea leprosula in Pasoh Forest Reserve in Malaysia using microsatellites and found no significant deviations from HWE in any of the loci. These studies showed that these species are basically outbreeding species.
What is the mechanism by which inbreeding is promoted in D. lancelolata and S. macrophylla in Lambir Hills National Park? The current data set of tree censuses in the 52-ha plot includes 358,452 individual trees with diameters ≥1 cm dbh (mean = 6,898 trees/ha) (Lee et al., 2002a) . There are 956, 10,650, 3,785 and 109 trees with diameters ≥ 1 cm dbh for D.
lanceolata, D. aromatica, S. beccariana and S. macrophylla, respectively (Lee et al., 2002a) , showing that tree density is much less in D. lanceolata and S. macrophylla. The census data also show that D. lanceolata and S. macrophylla have clumped distributions around limited numbers of mother trees and that D. aromatica and S. beccariana have fairly random distributions with high densities. Hamrick (1991 and 1992) reported that outcrossing rates of tropical trees were positively correlated with flowering density. According to their report, trees with low density may lead to low flowering tree density and increase crosses among genetically related flowers. On the other hand, some of the Malaysian dipterocarps species, including D. aromatica and S. macrophylla, have been found to exhibit sporophytic agamospermy (Kaur et al., 1978) .
Although the frequency of apomixis has not been determined for these and other species, this might also be the mechanism by which inbreeding is promoted.
Genetic variation in the natural forest
Genetic variation in tropical rain forest trees determined by isozymes has been reported by Hamrick & Loveless (1989) and Hamrick et al. (1992) . According to Hamrick et al. (1992) , the gene diversity of tropical tree species is not necessarily high compared with that of trees in a temperate forest. However, there have only been a few detailed investigations on dipterocarp species. Among them, an exceptionally high level of genetic variation has been found in Shorea curtisii using isozyme markers (Gan et al., 1977; Lee et al., 2000) . Similarly, a high level of genetic variation was found in other Shorea species using RAPD markers (Harada et al., 1994) . In the present study, a high level of genetic variation was found by AFLP analysis ( Table 5) The frequency distribution of heterozygosities showed a U-shaped distribution (Fig. 2) . This indicates that DNA variations at intermediate frequencies are fairly common. This pattern was not observed in temperate deciduous forest trees such as Japanese beech (Fagus crenata) and Japanese oak (Quercus mongolica var. crispula) (Harada et al., unpublished data) . In a study of Drosophila, the amount of additive genetic variance on viability in a northern population could be explained by the mutation-selection balance, whereas an excess amount of additive genetic variance was observed in southern populations (Kusakabe & Mukai, 1984) . The excess amount of variance could be explained by the operation of some kind of balancing selection on non-coding regions (Kusakabe & Mukai, 1984) . Most of the fragments detected by AFLP analysis are thought to be sampled from non-coding regions. Such regions are, however, not necessarily uninformative.
Recent studies have demonstrated that there are many non-coding but transcribed regions. It has been revealed that those regions, so-called non-coding RNA (ncRNA) regions, play various roles in the regulation of metabolism through control of transcription, replication and RNA processing (Storz, 2002 for review). Although it is not known how much of the DNA regions is occupied by these specific regions, these regions can also be the sources of natural selection.
Nucleotide diversity (π) is the average number of nucleotide differences per site between two sequences and one of the most commonly used parameters for evaluating genetic variation at the molecular level (Nei, 1987 et al., 1999) and that for Japanese beech was 0.0130 . A large amount of nucleotide diversity may indicate that the tree population in the tropical rain forest is evolutionary much older than those in forests in temperate and cold climates or that the population size of the former is much larger. In this study, nucleotide diversity (π) was estimated by the procedure of Innan et al. (1999) . This method, however, can be used only under the assumption of HWE. In our study, deficiency of observed heterozygosity was detected by microsatellite analysis in all of the species in the natural population.
This will cause an overestimation of heterozygosity. Thus, care must be taken, especially if the deficiency is statistically significant, such as in D. lanceolata, S. beccariana and S. macrophylla.
Genetic variation in the artificial forest
In the microsatellite analysis, expected heterozygosity was larger in the natural forest than in the artificial forest in all of the four species. Similarly, there were reduced numbers of alleles in three of the four species in the artificial forest ( Table 2 ).
The magnitude of reduction in the heterozygosity ranged from 8.6% (S. macrophylla) to 24% (D. lanceolata). In the AFLP analysis, slightly larger heterozygosity in the artificial population, though not statistically significant, was observed for all species except S. macrophylla. In S. macrophylla, average heterozygosity was significantly larger in the natural population than in the artificial population. Contradicting to these results, nucleotide diversity was larger in the artificial population in D.
lanceolata and S. macrophylla (Table 6 ). This is thought to be caused by the unusually high values in some of the combinations in the artificial forest (Fig. 3) .
Reduction of heterozygosity occurs due to a decrease in population size. A limited number of mother trees as a seed source may have caused the reduction of genetic variation in the artificial forest. Effective sizes of the mother trees are estimated from the reduction of heterozygosities in the microsatellite loci to be 2.0, 3.3, 4.5 and 5.8 for D. lanceolata, D.
aromatica, S. beccariana and S. macrophylla, respectively. Sampling of seeds from a limited number of mother trees results in a biased sampling of genes and does not represent the genetic constitution of the original population. Loss of rare alleles and linkage disequilibrium among the loci may appear in the seed population. Only S. beccariana in the artificial population exhibited a significant level of linkage disequilibrium (P = 0.002). Shorea beccariana showed significant deviation from the HWE in the artificial population even though random mating is attained in the natural population. This may be caused by a biased sampling of genes in S. beccariana in the artificial forest.
Heterozygosity is a commonly used parameter to evaluate genetic variation; however, it is known to be rather robust against population size changes. Allele frequency is much more sensitive to population size change (Yamazaki, 2003) . We examined rare allele frequencies in D. lanceolata using AFLP analysis, because sample sizes of the other species were small.
Proportions of rare alleles with frequencies of less than 0.05 in D. lanceolata were 34.0% in the natural population and 28.7%
in the artificial population. A fraction of rare alleles must have been lost in the artificial population. The results of our study suggest that genetic parameters, such as allele frequency and linkage disequilibrium, are useful for evaluating the degree to which the original genetic constitution of a natural forest has been retained in a man-made forest.
